The yeast tRNA splicing endonuclease (Sen) complex is located on the mitochondrial outer membrane and splices precursor tRNAs. Results: The Sen complex cleaves the mitochondria-localized CBP1 mRNA in vivo and in vitro. Conclusion: Mitochondrial localization of the Sen complex is required for the cleavage of the CBP1 mRNA. Significance: This study shows a novel role of the tRNA splicing endonuclease complex in the cleavage of mitochondrialocalized mRNA.
Cells have translation-dependent surveillance systems that eliminate aberrant mRNAs to prevent the production of potentially harmful protein products. The nonstop decay quality control system rapidly degrades aberrant mRNAs lacking a termination codon (nonstop mRNAs), which are produced mainly by premature polyadenylation within an ORF (1, 2) . Perturbation of translation elongation by stable RNA secondary structures, rare codons, or positively charged nascent peptides induces both no-go decay (NGD), 4 in which mRNAs in the vicinity of stalled ribosomes undergo endonucleolytic cleavage (3, 4) , and ribosome quality control, in which the arrested protein product is co-translationally degraded by the proteasome (5) (6) (7) (8) (9) (10) (11) (12) .
In Saccharomyces cerevisiae, Cbp1 (cytochrome b mRNA processing 1) is a nuclear-encoded protein that is imported into the mitochondria. It was proposed that Cbp1 plays a role in posttranscriptional regulation and translation of the mRNA encoding cytochrome b by interacting with its 5Ј-UTR (13, 14) . The CBP1 nonstop mRNA, which is produced by polyadenylation in the ORF, is rapidly degraded by nonstop decay (2) . The ratio of nonstop to normal CBP1 mRNA is regulated by the carbon source and is increased during the switch to respiratory growth (15) , suggesting that the production of nonstop mRNA plays a role in down-regulation of the CBP1 mRNA and protein, as well as the mRNA encoding cytochrome b, during the induction of respiration (14) .
The tRNA splicing endonuclease (Sen) complex is localized to the nucleus in vertebrates (16) and the mitochondria in S. cerevisiae (17, 18) . The yeast Sen complex splices tRNAs on the mitochondrial surface; although nuclear-localized Sen complex mutants are capable of tRNA splicing in yeast (18, 19) , they cannot complement the lethality caused by depletion of the native Sen complex (19) . Hence, the biological significance of mitochondrial localization of this complex is still largely unknown. Here, we report that the Sen complex cleaves the CBP1 mRNA on the mitochondrial outer membrane. To our knowledge, this study is the first description of the potential correlation between mitochondrial localization of mRNAs and their endonucleolytic cleavage.
Experimental Procedures
Strains and Other Methods-The yeast gene disruption mutants were constructed using kanMX4 (20) or natMX4 (21) , as described previously (22) . The strains and plasmids used in this study are listed in Table 1 , and the oligonucleotides used for plasmid construction are listed in Table 2 . Northern and Western blot analyses were performed as described previously (22) . The DIG-labeled probes used in this study are listed in Table 3 .
Primer Extension Experiments-Primer extension experiments were performed using a 5Ј-fluorescently labeled primer (LI-COR Biosciences) complementary to the ϩ786 -815-nt region of the CBP1 mRNA. PrimeScript reverse transcriptase (TaKaRa) was used to synthesize a single-stranded DNA toward the 5Ј end of the RNA. The reaction contained 5 g of RNA and 0.1 pmol of 5Ј-fluorescently labeled primer. The size of the labeled single-stranded DNA was determined relative to a sequencing ladder on a sequencing gel.
Western Blotting-Yeast cells were grown in minimal medium containing 2% glucose or galactose. The cells were harvested when the culture reached an A 600 of 0.6. The protein products of various GFP-HIS3 reporter genes were detected by Western blotting using an anti-GFP antibody (sc-9996; Santa Cruz Biotechnology) and an anti-mouse IgG, horseradish per-oxidase-conjugated secondary antibody (GE Healthcare). The intensities of the bands on the blots were quantified using the LAS4000 imaging system and Multi-Gauge version 3.0 software (Fujifilm). The relative levels of the protein products were determined by comparison with a standard curve prepared using a series of dilutions.
In Vitro tRNA Splicing Assay-FLAG-tagged wild-type Sen2 and FLAG-tagged Sen2-H297A were purified from cell extracts and examined for endonucleolytic activity. Nontagged wildtype Sen2 was used as a negative control. The RNA products were separated on a polyacrylamide gel containing 7 M urea, dried, and then exposed to an imaging plate (Fujifilm). Identification of all RNA species was confirmed by UTP labeling of tRNA Splicing Complex Cleaves a Mitochondria-localized mRNA precursor RNA substrates. All procedures were performed as described previously (23, 24) . Plasmid Construction-Recombinant DNA procedures were performed as described previously (25) . Plasmids expressing various CBP1 mRNAs were constructed as follows: To construct pTS152 (p416GAL1p-CBP1), a SpeI-SalI fragment was amplified by PCR using the two CBP1 primers listed in Table 2 and then inserted into the SpeI-SalI sites of p416GAL1p. To construct the CBP1 deletion constructs pIT220, 221, 223, and 256 -258, deletions were introduced by PCR-based site-directed mutagenesis. An oligonucleotide (5Ј-GATCCGATATCCCGTGGAGGGGCGCGTGGTGG-CGGCTGCAGCCGCCACCACGCGCCCCTCCACGGGA-TATCG-3Ј) was self-annealed and inserted into the SpeI site of pTS152 or pTS179 to create the pTS184 or pTS260 reporter, respectively. 
The plasmids expressing various GFP-HIS3 reporters were constructed as follows: The two CBP1(ϩ643-738) oligonucleotides listed in Table 2 were annealed and inserted into the SpeI site of pSA144 (pGPDp-GFP-FLAG-HIS3-CYC1ter) to create the pTS229 (p416GPDp-GFP-CBP1(ϩ643-738)-FLAG-HIS3) reporter. The two CBP1(ϩ1-99) oligonucleotides were annealed and inserted into the XbaI site of pSA144 and pTS229 to create pTS231 (p416GPDp-CBP1(ϩ1-99)-GFP-FLAG-HIS3) and pTS236, respectively. Two FS 643-738 or M1 643-738 oligonucleotides were annealed and inserted into the SpeI site of pTS231 to create pTS324 and pTS332, respectively.
The plasmids expressing various Sen complex proteins were constructed as follows: To construct pTS318, 305, 314, and 320, the ORF fragments of each protein were amplified by PCR and inserted into p415GAL1p, p413GAL1p, p414GAL1p, or p416GAL1p, respectively. To construct pTS299, the SpeI-HindIII fragment of SEN2 was amplified by PCR using the two His6-flag-SEN2 primers listed in Table  2 and then inserted into the SpeI-HindIII sites of p415GAL1p. To construct pTS300, a point mutation was introduced by PCR-based site-directed mutagenesis using the His6-flag-sen2 H297A primers.
The plasmids expressing the Tom20 protein were constructed as follows. To construct pTS351, a SacI-XhoI ORF fragment including TOM20 was amplified by PCR using the Tom20 Ϫ500F and ϩ500R primers listed in Table 2 and then inserted into the SacI-XhoI sites of yCplac33.
Results
The CBP1 mRNA Undergoes Endonucleolytic Cleavage-The CBP1 nonstop mRNA is an endogenous target of nonstop decay that is rapidly degraded by the exosome, a 3Ј to 5Ј exoribonuclease complex (1, 2) . The Dom34-Hbs1 complex stimulates the degradation of nonstop mRNAs by dissociating ribosomes that are stalled at the 3Ј ends of mRNAs ( Fig. 1A) (4) . The CBP1 nonstop mRNA was more stable in xrn1⌬dom34⌬ (t1 ⁄ 2 ϭ 19.2 min) cells than xrn1⌬ cells (t1 ⁄ 2 ϭ 12.2 min) ( Fig. 1B) , indicating that the Dom34-Hbs1 complex facilitates the degradation of the CBP1 nonstop mRNA. Unexpected transcripts were detected in ski2⌬ or xrn1⌬ mutant cells, but not wild-type cells, indicating that endonucleolytic cleavage may occur within the ORF of the CBP1 nonstop mRNA (Fig. 1B) . Northern blotting with probes corresponding to various regions of the CBP1 mRNA revealed that the 700-nt 5Ј fragment (5Ј cleavage product) was detected even in ski2⌬ mutant cells that were deficient in 3Ј to 5Ј degradation pathways (Fig. 1, A-C) . Two 3Ј fragments of 1100 nt (3Ј cleavage product) and 300 nt (3Ј cleavage product of nonstop) were detected only in xrn1⌬ mutant cells that were deficient in 5Ј to 3Ј degradation pathways (Fig. 1,  A-C) . These results indicate that endonucleolytic cleavage occurs in the vicinity of the 600 -780-nt region of the CBP1 ORF. The 5Ј cleavage product lacked a termination codon, and the Dom34-Hbs1 complex facilitated its degradation as expected (t1 ⁄ 2 Ͼ 32.0 min and t1 ⁄ 2 ϭ 22.6 min in xrn1⌬dom34⌬ and xrn1⌬ cells, respectively; Fig. 1B ).
To determine whether translation is required for endonucleolytic cleavage of the CBP1 mRNA, translation was inhibited by adding cycloheximide to the cells or inserting a stem-loop structure into the 5Ј-UTR of the mRNA. After the induction of CBP1 transcription from the GAL1 promoter in the presence of cycloheximide, the 3Ј and 5Ј cleavage products were only barely observed in xrn1⌬ cells ( Fig. 1D ) and ski2⌬ cells (data not shown), respectively. Endonucleolytic cleavage of the CBP1 mRNA was also abrogated by the insertion of a stem-loop structure into the 5Ј-UTR (Fig. 1E, lanes 3 and 4) . To identify the region of the CBP1 mRNA that must be translated to allow cleavage, CBP1 mutants that lacked the mitochondrial targeting signal (MTS) or upstream ORF were generated. The 3Ј cleavage product was detected in mutants that lacked an upstream ORF, but not in those that lacked the MTS (Fig. 1F,  lanes 1-6) . These results indicate that translation of the region of the CBP1 mRNA encoding the MTS is required for its endonucleolytic cleavage. The 3Ј cleavage product was also detected in an MMH2 mutant that was defective in premature polyadenylation in the ORF (Fig. 1F, lanes 7 and 8) (14) , indicating that polyadenylation within the CBP1 ORF to produce nonstop mRNA is dispensable for its endonucleolytic cleavage.
The Secondary Structure of the cis-Element in the CBP1 mRNA Is Crucial for Its Cleavage-A deletion analysis revealed that the ϩ652-726 nt region of the CBP1 ORF is indispensable for cleavage of the mRNA ( Fig. 2A) . Hence, this region was named the endonucleolytic cleavage-inducible sequence (ECIS). Next, a primer extension analysis was performed to analyze the 5Ј ends of the 3Ј cleavage products. The major cleavage sites, ϩ720 and ϩ721 nt, were located close to the 3Ј end of the ECIS (C2 and C1 in Fig. 2B ), and additional minor cleavage sites were located upstream of the major sites (C3, C4, and C5 in Fig. 2B ). To address the significance of nascent peptides to the cleavage of CBP1, a frameshift mutation was introduced at the ECIS or the ϩ727-789-nt region. The 3Ј and 5Ј endonucleolytic cleavage products derived from the frameshift CBP1 mutants were detected ( Fig. 2C and data not shown), indicating that the translational product of the ECIS is not essential for the mRNA cleavage. Analysis of the secondary structure of the ECIS using the MFOLD program (26) identified a stem-loop structure (Fig. 2D) ; therefore, the CBP1 mRNA sequence was mutated (M1 and M2) to disrupt the secondary structure but retain the amino acid sequence of the ECIS (Fig.  2D) . The 3Ј endonucleolytic cleavage products derived from the M1 and M2 mutants were not detected in xrn1⌬ cells ( Fig. 2E) , indicating that the secondary structure of the CBP1 mRNA is indispensable for its cleavage.
To determine whether they are able to induce endonucleolytic cleavage of the CBP1 mRNA, reporter genes containing the MTS and/or the ECIS were generated. The ϩ643-738-nt sequence containing the ECIS (ϩ652-726 nt) was inserted between the GFP and HIS3 genes, and the MTS was inserted at the 5Ј end of GFP to construct the MTS-GFP-ECIS-HIS3 fusion (Fig. 2F ). Northern blotting with a DIG-labeled GFP probe to detect the 5Ј cleavage product (data not shown) or a DIG-labeled HIS3 probe to detect the 3Ј cleavage product (Fig. 2G ) revealed that insertion of both the ECIS and the MTS of CBP1, but not either alone, induced the endonucleolytic cleavage of the GFP-HIS3 reporter gene.
tRNA Splicing Complex Cleaves a Mitochondria-localized mRNA
The Sen Complex Is Responsible for Cleavage of the CBP1 mRNA in Vivo and in Vitro-The MTS of the CBP1 mRNA was required for its endonucleolytic cleavage, suggesting that this mRNA is cleaved on the mitochondrial surface. Because the Sen complex localizes to the mitochondria in S. cerevisiae, we examined its role in cleavage of the CBP1 mRNA. Endonuclease activity is impaired severely in sen2-41 temperature-sensitive mutant cells at the restrictive temperature (18); therefore, sen2⌬ski2⌬ and sen2⌬xrn1⌬ mutants harboring either wildtype SEN2 or sen2-41 mutant plasmids were generated. Total RNAs were prepared from cells grown at the permissive (30°C) or restrictive (37°C) temperature and then analyzed by North- Right panels, graphs of the half-life analysis. The relative amounts of the mRNAs in the indicated cells are shown as the means Ϯ standard deviation of three independent experiments. C, Northern blotting with probes corresponding to various regions of the CBP1 mRNA identified a number of cleavage products. W303xrn1⌬ and W303xrn1⌬dom34⌬ mutants were grown in minimal medium containing 2% galactose. RNA samples were analyzed by Northern blotting with the DIG-labeled CBP1 probes depicted in A. The results shown are representative of three independent experiments. D, translation is required for endonucleolytic cleavage of the CBP1 mRNA. After translation inhibition by the addition of cycloheximide for 10 min, transcription from the GAL1p-CBP1 plasmids was induced by the addition of galactose. The cells were harvested at the indicated time points after induction. The 3Ј cleavage product was detected by Northern blotting with a DIG-labeled CBP1 1101-1965 probe, which is depicted as probe B in A. The results shown are representative of three independent experiments. E, the mitochondrial targeting signal of the CBP1 mRNA is required for its cleavage. W303 and W303xrn1⌬ mutant cells were transformed with the indicated CBP1 plasmids. SL, the stem-loop structure was inserted into the 5Ј-UTR. ⌬MTS, deletion of the mitochondrial targeting signal. The 3Ј cleavage product was detected as described for D. The results shown are representative of three independent experiments. F, neither the upstream ORF nor polyadenylation within the ORF are required for cleavage of the CBP1 mRNA. MMH2, CBP1 mutant defective in polyadenylation within the ORF. ⌬uORF, deletion of the upstream ORF. The 3Ј cleavage product was detected as described for D. The results shown are representative of three independent experiments.
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tRNA Splicing Complex Cleaves a Mitochondria-localized mRNA ern blotting with CBP1 probes. Endonucleolytic cleavage was abrogated in sen2-41 cells under both conditions, indicating that the Sen complex cleaves the CBP1 mRNA in vivo (Fig. 3A,  lanes 2 and 6) .
The sen54-⌬(200 -232) mutant is defective in mitochondrial localization of the Sen complex (16) . Neither the 3Ј cleavage products (Fig. 3B, lane 4) nor the 5Ј cleavage products (Fig. 3B,  lane 10) of the CBP1 mRNA were detected in sen54-⌬(200 -232) mutant cells. These defects were complemented by transforming the cells with a plasmid harboring wild-type SEN54 (Fig. 3B, lanes 6 and 12) . These results indicate that endonucleolytic cleavage of the CBP1 mRNA requires mitochondrial localization of the Sen complex. Complementary results were also obtained using the MTS-GFP-ECIS-HIS3 reporter gene (Fig. 3C) , indicating that the reporter mRNA localized to mitochondria by the CBP1 MTS underwent cleavage at the ECIS by the Sen complex.
Next, we examined whether the Sen complex cleaves NGDtargeted mRNAs. NGD caused by translation arrest-inducing sequences was intact in sen2-41 and sen54-⌬(200 -232) mutant cells (data not shown). Moreover, cleavage of NGD target mRNAs was not stimulated by the presence of a MTS at the amino terminus (data not shown), suggesting that the CBP1 mRNA and NGD-targeted mRNAs might be cleaved by different mechanisms. To determine whether it cleaves the CBP1 mRNA directly in vitro, the Sen complex was affinity-purified from cells expressing FLAG-tagged wild-type Sen2 or a FLAGtagged Sen2-H297A mutant, which is deficient in 5Ј endonuclease activity toward tRNA (23, 24) (Fig. 3D) . The partially purified Sen complexes were tested in endonucleolytic cleavage assays using [ 32 P]UTP-labeled RNAs. In the assays using the wild-type Sen complex, fragments of 41 nt were cleaved from every RNA species containing the ECIS sequence (Fig. 3E, lanes  7 and 11) . We speculated that these fragments might correspond to the stem-loop region of the ECIS and that the cleavage site may correspond to the C4 site shown in Fig. 1D . Cleavage of these fragments did not occur in assays using the Sen2-H297A complex (Fig. 3E, lanes 8 and 12) , indicating that this mutant is deficient in endonucleolytic cleavage of the 3Ј region of the ECIS (Fig. 3F ). Overall, these results are consistent with the in vivo data and indicate that the Sen complex cleaves the CBP1 mRNA directly in vitro. We noticed that the in vitro experiment using the mutant Sen complex produced a longer cleavage product, which may have resulted from the catalytic activity of Sen34, the Sen subunit harboring the other endonucleolytic center. In addition, the 3Ј cleavage site in vitro is different from the major site in vivo (Figs. 2 and 3) . These results suggest that processing of the ECIS in vivo requires the collaboration of several endonucleolytic activities, including the Sen activities.
Recognition of the Cbp1-translating Ribosome-mRNA Complex by Components of the Mitochondrial Translocation Machinery Is Crucial for Cleavage of the CBP1 mRNA-The MTS of a nascent peptide emerging from the ribosome is recognized by the mitochondrial translocator component Tom20, which is a MTS receptor that targets the translating mRNA to the mitochondrial outer membrane (7, 27) . In addition, the Pumilio family protein Puf3 binds to the ORF and the 3Ј-UTR of specific mRNAs to localize them to the mitochondrial outer membrane (7) . To determine whether Tom20 or Puf3 affects endonucleolytic cleavage of the CBP1 mRNA, tom20⌬ or puf3⌬ mutant cells were constructed in a ski2⌬ or xrn1⌬ mutant background. Cleavage of the CBP1 mRNA was reduced in both the tom20⌬xrn1⌬ and tom20⌬ski2⌬ mutant cells, and this defect was complemented by transformation of the cells with a plasmid expressing Tom20 ( Fig. 4A and data not shown). In addition, cleavage of the MTS-GFP-ECIS-HIS3 reporter mRNA was reduced in the ski2⌬tom20⌬ mutant cells, but not in the ski2⌬puf3⌬ mutant cells (Fig. 4B, lane 4) . These results suggest that Tom20 is required for mitochondrial localization of the CBP1 mRNA, thereby facilitating its endonucleolytic cleavage by the Sen complex.
Discussion
The Cytoplasmic CBP1 mRNA Undergoes Endonucleolytic Cleavage by the tRNA Splicing Complex on the Outer Membrane of the Mitochondria-The results presented here demonstrate that the tRNA splicing endonuclease Sen complex cleaves the CBP1 mRNA on the mitochondrial outer membrane. The CBP1 mRNA was endonucleolytically cleaved in vivo (Fig. 1) . Deletion analyses revealed that a MTS and an ECIS, the latter of which is located at the ϩ652-726-nt region and forms a secondary structure, were indispensable for the cleavage (Figs. 1 and 2) . In support of this finding, translation inhibition of the MTS and ECIS inhibited the endonucleolytic cleavage of the CBP1 mRNA ( Fig. 1 ). Furthermore, insertion of the ϩ643-738-nt region of the CBP1 mRNA, which included the ECIS, into a reporter mRNA induced endonucleolytic cleavage when a MTS was also present at the amino terminus (Fig. 2) . Cleavage of the CBP1 mRNA was eliminated in a temperature-sensitive sen2 mutant that lacked endonuclease activity, and in a sen54 mutant displaying a defect in localization of Sen54 to the mitochondria (Fig. 3) . In vitro tRNA splicing assays FIGURE 2. Endonucleolytic cleavage of the CBP1 mRNA requires a stem-loop structure in the ORF. A, the ϩ652-726-nt sequence of the CBP1 mRNA is indispensable for its cleavage. RNA samples extracted from W303 and W303xrn1⌬ cells harboring the indicated deletion plasmids were analyzed by Northern blotting with DIG-labeled probe B, as described for Fig. 1D . B, analysis of the 5Ј ends of the CBP1 mRNA 3Ј cleavage products. The arrowheads indicate the 5Ј ends of the 3Ј endonucleolytic cleavage products derived from the reporter genes. C, the amino acid sequence encoded by the ECIS is not essential for cleavage of the CBP1 mRNA. The 3Ј cleavage product was detected by Northern blotting with DIG-labeled probe B, as described for Fig. 1D . D, the predicted secondary structure of the CBP1 ECIS (left). The arrowheads indicate the positions of the 5Ј ends of the 3Ј endonucleolytic cleavage products determined in the primer extension experiments. The secondary structure of the RNA was predicted using MFOLD (26) . The CBP1 nucleotides that were mutated in the M1 (middle) and M2 (right) plasmids are shown in red. E, analysis of the 3Ј endonucleolytic cleavage products derived from the M1 and M2 mutants. RNA samples extracted from W303 and W303xrn1⌬ cells harboring the mutant plasmids were analyzed by Northern blotting with DIG-labeled probe B, as described for Fig. 1D . F, schematic illustration of the GFP-HIS3 reporter mRNA. The boxes indicate the open-reading frames, the lines represent nontranslated regions, and the tract of As denotes the poly(A) tail. The gray and black boxes indicate the MTS region encoding the mitochondrial targeting signal and the ECIS region that is essential for the endonucleolytic cleavage, respectively. G, the ECIS of CBP1 is sufficient for its endonucleolytic cleavage. Northern blotting with a DIG-labeled HIS3 probe to detect the 3Ј cleavage product. The levels of full-length mRNAs and 3Ј cleavage products are shown as the mean values of three independent experiments. All results shown in the figure are representative of three independent experiments.
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revealed that the Sen complex cleaves the CBP1 mRNA directly (Fig. 3 ). In addition, the endonucleolytic cleavage of this mRNA was regulated by Tom20 (Fig. 4) . These results suggest that the CBP1 mRNA is localized to the mitochondria to enable cleavage by the tRNA splicing endonuclease Sen complex and that the mechanism of localization to the mitochondria is mediated by the MTS nascent peptide and Tom20 (Fig. 4C) .
A Model for Endonucleolytic Cleavage of the CBP1 mRNA-Based on the results presented here, we propose a model of the mechanism of endonucleolytic cleavage of the CBP1 mRNA (Fig. 4C ). In this model, Tom20 recognizes the MTS, an aminoterminal region of the nascent peptide derived from the CBP1 mRNA, and localizes the translation elongation complex composed of the ribosome, mRNA, and nascent polypeptide to the FIGURE 3. The Sen complex cleaves the CBP1 mRNA. A, the Sen complex cleaves the CBP1 mRNA in vivo. Left panel, W303sen2⌬xrn1⌬ cells harboring wild-type SEN2 or the temperature-sensitive sen2-41 mutant were grown under normal (30°C) or restrictive (37°C) conditions. The 3Ј cleavage product was detected by Northern blotting with DIG-labeled probe B. Right panel, Northern blot analyses of RNA samples from W303sen2⌬ski2⌬ mutants harboring the wild-type SEN2 or sen2-41 plasmids. The cells were grown under normal conditions (30°C) or were grown under normal conditions and then shifted to the restrictive temperature (37°C) for 2 h prior to analysis. Northern blotting was performed using probe A (depicted in Fig. 1A) to detect the 5Ј cleavage product. B, the mitochondrial location of Sen54 is required for cleavage of the CBP1 mRNA. Northern blot analyses of the indicated mutant cells were performed as described for A. A complementation assay was also performed. C, cleavage of the ECIS-containing reporter mRNA requires mitochondrial localization of the Sen complex. Left panel, Northern blotting using a HIS3 probe to detect the 3Ј cleavage product. Right panel, Northern blotting using a GFP probe to detect the 5Ј cleavage product. D, purification of the Sen complex. Samples were affinity-purified from cell extracts expressing Flag-Sen2-WT or Flag-Sen2-H297A and then subjected to 15% SDS-PAGE followed by silver staining. E, the Sen complex cleaves the ECIS in vitro. Analyses of the tRNA splicing activities of FLAG-tagged wild-type Sen2 and a FLAG-tagged Sen2-H297A mutant. F, a model for cleavage of the precursor tRNA or ECIS of the CBP1 mRNA by the Sen complex. All results shown in the figure are representative of three independent experiments.
tRNA Splicing Complex Cleaves a Mitochondria-localized mRNA mitochondrial outer membrane. The Sen complex then recognizes and cleaves the secondary structure of the ECIS in the CBP1 mRNA. Cleavage by the Sen complex requires formation of the stem-loop structure and translation of the ECIS sequence (Fig. 2) . Alternatively, translation of the ECIS may be required to dissociate a putative factor that binds to this region and protect it against cleavage by the Sen complex. The Sen complex splices tRNA on the mitochondrial surface in S. cerevisiae, and nuclear-localized Sen complex mutants are also able to splice tRNA (19) . However, depletion of endogenous mitochondrial Sen proteins cannot be complemented by nuclear-localized Sen protein mutants (19) . Therefore, the biological significance of localization of the Sen complex to the mitochondria is still unknown.
Overall, the results presented here demonstrate that the Sen complex localized on mitochondria cleaves the CBP1 mRNA. To our knowledge, this study is the first description of a correlation between mitochondrial localization and endonucleolytic cleavage of mRNAs. A previous study showed that the CBP1 mRNA has a mitochondria localization ratio of ϳ20% (7) . Because the efficiency of endonucleolytic cleavage of CBP1 mRNA is less than 20% ( Figs. 1-4 ), we suspect that only a proportion of the mitochondria-targeted CBP1 mRNA undergoes endonucleolytic cleavage by the Sen complex localized on mitochondria. Genome-wide analyses identified a number of mitochondria-targeted mRNAs (7, 28) , and the identification of mitochondria-localized mRNAs cleaved by the Sen complex will help to reveal the biological roles of this complex.
